Abstract. High-frequency ac σ ac xx = σ1 − i · σ2 and dc σ dc xx conductivities were studied on a low density (p= 8.2 · 10 10 cm −2 ) 2DHG of p-Si/Si0.92Ge0.08 heterostructures by acoustic and transport techniques respectively. In the vicinity of B=3.5 T the integer quantum Hall effect related to the filling factor ν = 1 was observed and at low temperatures the ac conductance corresponds to hopping of the holes between localized states: σ2 > σ1 > 0. The features revealed in the ultraquantum limit B>14 T at low temperatures T<0.8 K: (i) negative value of σ2; (ii) small imaginary part of the ac conductance σ1 >> |σ2|; (iii) linear frequency dependence of σ1 and σ2; (iv) independence of σ1 and σ2 on the magnetic field and temperature; (v) thresholdlike behavior of the I-V curves and (vi) its hysteresis; (vii) I-V dependence in the sub-threshold region typical for a creep in a crystal I ∼ exp(−A/V 0.3 ) indicate the formation of a pinned Wigner glass.
Introduction
Since it was shown [1] that a strong magnetic field facilitates the Wigner crystal formation in two dimensional electron gas, confirmatory experimental studies were performed on several high quality low dimensional systems, which were metallic in zero magnetic field, for example, n and p-GaAs/AlGaAs [2, 3, 4, 5] and InGaAs/InP [6] heterostructures, and high-mobility Si inversion layers [7, 8] . In this paper we present the formation of a pinned Wigner crystal in a metallic low density two dimentional hole gas (2DHG) of p-Si/Si 0.92 Ge 0.08 structures in strong magnetic field.
Experiment and Discussion
Measurements of the attenuation Γ and velocity V of a surface acoustic wave (SAW) propagated in proximity to a p-Si/Si 0.92 Ge 0.08 heterostructure were performed in magnetic fields of up to 18T at temperatures of 0.3-4.2K and the ultrasound frequency range f = 18-255 MHz. The experimental results presented in Fig.1 are the magnetic field dependences of the SAW attenuation, ΔΓ(B) ≡ Γ(B) − Γ(0), and velocity,
MHz, where Γ(0) and v(0) are the SAW attenuation and velocity at B=0, respectively. Also, (Fig. 2(a) ), Hall resistance ρ dc xy (H) (not shown), and I-V curves ( Fig. 2(b) ) were measured by the conventional dc transport technique on a Hall bar shaped sample made from the same wafer. In all these experiments the magnetic field was oriented perpendicular to the 2D layer. The resistances were measured at I=0.5 nA. Complex ac conductivity σ ac xx (f ) = σ 1 (f ) − i · σ 2 (f ) was calculated from the acoustic measurements [9] and the results were compared with the dc conductivity σ dc xx = ρ xx /(ρ 2 xx + ρ 2 xy ). 5T xy = h/e 2 . Thus the hole sheet concentration is p=8.2·10 10 cm −2 and the filling factor ν is equal 1 at the field B = 3.5 T . The hole mobility is μ = 1 · 10 4 cm 2 /V·s. In low magnetic fields (B < 2.6T, ν > 1) the 2DHG demonstrates metallic behavior for dρ dc xx /dT > 0 (see Fig. 2 (a)), σ 1 = σ dc xx and σ 2 = 0. When the magnetic field approaches 3.5 T both the σ 1 and σ dc xx drop down, while σ 2 rises. At the lowest temperature used, T = 0.3 K, at B=3.5 T the real and imaginary parts of the ac conductivity are positive and the ratio σ 2 > σ 1 > σ dc xx > 0 is observed. In the vicinity of ν = 1 the σ 2 at B = 3.5 T shows relatively weak dependence on the temperature up to about 1.5 K and then it decreases. At the same time the σ 1 rises together with the temperature but remains to be less than σ 2 for temperatures below 0.6 K. It is difficult to obtain a reliable temperature dependence of the conductivity in such a narrow range of 0.3-0.6 K, but most likely in the vicinity of ν = 1 the conductivity is performing by holes hopping in the random potential produced by charged impurities. This conclusion is based on the theoretical calculations [10] and previous observations of similar ac conductivity behaviour in [9] . At temperatures above 1 K, the temperature dependence of σ 1 follows the activation law σ 1 ∝ e −ΔE/2kT , with ΔE ≈ g * μ B B.
In the fields above B=3.5 T σ 1 and σ dc xx increase. They coincide again at about 4 T while σ 2 decreases to zero. Therefore, the metallic state of the 2DHG restores. While at about 4T the 2DHG is metallic, in the higher fields the resistivity ρ dc xx increases (see Fig. 2(a) ), the sound velocity saturates and attenuation has maxima (see Fig.1 ). Therefore, both σ dc xx and σ ac xx drop down. Additionally, the relation typical for insulators, dρ dc xx /dT < 0, was observed in this range of magnetic fields. Therefore a magnetic field driven metal-to-insulator transition occurs in the high fields area, where ν < 1 (quantum limit). The transition field value was found to be equal to 4.6 T.
In the high temperature range (T=0.8-2K) and relatively weak fields (4.6 T < B < 11 T ) σ 1 ≈ σ dc xx and both follow the Arrhenius law with the energy gap dependent on the magnetic field. This activation law is associated with the magnetic freeze-out of the holes.
When the temperature is below 0.8 K and the fields are above 12 T, the behavior of the 2DHG drastically changes. Dependences of σ dc xx and σ ac xx on the magnetic field (see Fig. 3 ) and temperature become weak. The imaginary part of the ac conductivity is negative, while σ 1 > σ dc xx > 0. Both the σ 1 and σ 2 linearly depend on the frequency in the range of 18-90 MHz. Such unusual dependencies are completely different from the ones observed in the vicinity of ν = 1 and, therefore, the insulating state and the conductivity mechanism in the high fields are different from those observed at about ν = 1, where the conductivity was driven by the single particle hoppings.
In addition, a strong transformation of the voltage-current characteristics was observed in the extreme quantum limit (see Fig. 2(b) ). Even at the lowest temperature, at 8T the V-I dependence is linear without a threshold or a hysteresis. As the field rises a nonlinear behavior of the V-I curves becomes more pronounced. At the highest fields the V-I dependence is represented by a threshold type line with a hysteresis. At these fields the V-I dependencies are strongly affected by the current sweep rate but remain unlinear in the low current / low voltage range, even at the lowest used sweep rate of 0.02 nA/min. At this rate the V-I dependence in the sub-threshold area can be fitted by I ∝ e −A/V 0.3 (see Fig. 4) . Dependences of such a kind and the hysteresis are typical for a creep motion [11, 12, 13] . Consequently, it is assumed that at the lowest experimental temperatures and the highest fields the holes form a Wigner glass, i.e. a Wigner crystal pinned by a random disorder potential.
The dynamic behavior of a pinned Wigner crystal is defined by intricate relations between different parameters, such as the strength and correlation length ξ of the random potential; the frequency of the Wigner crystal pinning mode at zero magnetic field ω p0 ; the ratio between the shear (β) and bulk (λ) elastic moduli of the crystal: η ≡ λ/β; the cyclotron frequency ω c = eB/m * c, where e is the electron charge, m * is the effective mass, and c is the light velocity [14, 15, 16] . We assume that the pinning mode frequency is about 10 10 s −1 [3, 4, 5] , 1 η ω c /ω p0 , and ξ l B , where l B = (hc/eB) 1/2 stays for the magnetic length. In that particular case the real and imaginary parts of the conductivity can be expressed in the simple forms σ 1 ≈ σ 0 ·ω/u, σ 2 = −σ 0 ·ω/u 2 , where σ 0 ≡ e 2 p/m * ω p0 [16] . When the SAW frequency is so small that the following two relations are correct: u ωω c /ω 2 p0 1 and ω 2 p0 η/ω c ω ω c , u is a constant and its value can be calculated from the experimental results: u = σ 1 /|σ 2 |.
Two last unequalites are correct for our experiments performed at 18-90 MHz. Therefore, the expressions for σ 1 and σ 2 explain the negative value of the latter, the large observed ratio σ 1 /|σ 2 | = u 1, linear dependence for both of them on the SAW frequency, and independence for both of them on the magnetic field and temperature.
Our estimations show that at the lowest temperature 0.3K and the highest magnetic field 18 T necessary conditions for the Wigner crystal formation L a W and E hh E F are met , since the correlation length of the pinned Wigner crystal L ≈ 4 · 10 −4 cm, the lattice constant of the Wigner crystal a W ≈ 4 · 10 −5 cm, and the ratio of the hole-hole interaction energy E hh to the Fermi energy E F is about 70.
In conclusion, low-temperature ac and dc conductance in the low-density 2DHG of p-Si/SiGe heterostructures was studied in high magnetic fields (ultra-quantum limit) using SAW and dc transport techniques. Evidence of the pinned Wigner crystal (glass) formation is presented.
